ABSTRACT a-Amylase was found in the axis portion of ungerminated pea seeds (Pisum sativum var. Alaska). The occurrence of this enzyme was demonstrated with crude homogenates (also containing fi-amylase) using three different methods: the hydrolysis of l-limit dextrin, the change in absorption spectra for the iodine-starch complex, and the increase in reducing materials relative to the decrease in starch. The first method was used to quantitate the changes in a-amylase activity during germination. The increase in total amylase activity (primarily fi-amylase) paralleled germination; the accumulation of a-amyase activity was not initiated for an additional day. The increased a-amylase activity was related to epicotyl growth. Approximately half of this activity was found in the etiobted stem, the'distribution being higher in growing than in nongrowing portions.
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During the germination of legumes the embryo axis is generally dependent upon the cotyledons for nutrients and possibly for growth substances (for example, 4, 11, 12, 24, 27, 30) . However, the axis may be independent during the initial stage of germination. Bain and Mercer (1) , using biochemistry and electron microscopy, interpreted their results to indicate three phases in the germination of peas. During phase 1 the starch and protein reserves in the cotyledon began to break down as the tissue rehydrated, but the reserves were not transported to the axis. In phases 2 and 3 the storage reserves were lost to the axis, especially during the latter phase. Brown (4) concurred with the initial phase based upon the observation that the dry wt of the axis did not begin to increase until after the axis had started to grow.
If the axis is autonomous during the earliest stages of germination, then it must contain its own storage reserves and the enzymes to digest them. Starch granules are readily observed in the ungerminated pea axis using either iodine staining or polarizing microscopy. The granules have been reported to be digested during germination (4) although they are still present in etiolated seedlings after 1 week. Although only /8-amylase has been described to occur in axes of pea seedlings (27) , one could use the following observations to predict the presence of the a-type enzyme in at least ungerminated embryo axes. (a) Pure 38-amylase does not attack starch granules (29) . (b) If the majority of the starch in the axis is the branch-chained amylopectin, as has been reported for whole pea seeds of this variety (13, 22) , then the typical /8-limit would prevent complete hydrolysis. (c) Even if the starch were primarily the straight chain amylose, the /3-limit for ungerminated cotyledonary amylose was only 84% (12) .
Radial diffusion methods have been used to demonstrate the presence of a-amylase in bean hypocotyls (5) and ungerminated axes (25) and in the ungerminated axes of peas (6) . In this paper the occurrence of a-amylase in the pea axis is demonstrated by several methods. Changes in activity are described during germination, and explained on the basis of its characteristic distribution in young etiolated seedlings. Protein content was estimated using the method of Lowry et al. (17) with BSA as the standard. The content for larger axes was confirmed by the biuret method (10) .
MATERIALS AND METHODS
Amylase Assays. Individual fresh or frozen axes were homogenized in ice-cold water in a motorized Thomas tissue grinder. The homogenate was cleared by centrifugation at 10,000g for 10 min at room temperature. a-Amylase activity was determined using the 63-limit dextrin method (3) . Solutions of soluble starch (1% w/v in 50 mM phosphate buffer, pH 7) were reacted with a-free 83-amylase (0.5 mg/ml) for at least 1 hr at 23 C. Equal volumes of substrate and supernatant were combined and assayed periodically for the loss of iodine-binding capacity (26) . For very slow rates the slope was determined by linear regression analysis. Unless noted otherwise, activities were expressed as loss of absorbance per hour per section homogenized in 1 ml water.
The amount of total amylase activity was determined by the increase in reducing materials using the Somogyi-Nelson procedure (20) . After combining equal volumes of supernatant and substrate (1% w/v soluble starch, buffered as indicated above), 0.5-ml samples were removed periodically and mixed with 0.5 ml alkaline copper reagent. After the final color was developed, the diluted samples were centrifuged at 10,000g for 10 min at room temperature before A was determined on the supernatant. In some experiments where large amounts of plant material were available, the increase in reducing materials was determined using the dinitrosalicyclic acid reagent (2) . In both cases the amount of total activity was described as the number of mg of maltose equivalents produced/min (even though the actual reaction product could include dextrins). The rate was determined from the initial linear portion of the curve.
All The most obvious method available was the hydrolysis of /Blimit dextrin (3) . A commercial soluble starch was chosen that was relatively resistant to pure /8-amylase, the,3-limit retaining approximately 90% of the original iodine-binding capacity ( Fig.  1) . Cotyledons from ungerminated seeds, known to have predominantly a-amylase (12, 31) , showed the typical loss of iodine binding. When axes from ungerminated seeds were reacted with starch ( Fig. 1, A) , the initial loss of iodine binding was quite rapid. This was followed by a slower constant loss of A for several hr (until the A700 approached 0.2). The starchiodine complex was eventually lost completely. When the axes were reacted with /3-limit dextrin (Fig. 1, V) , the initial rapid loss of iodine binding was not observed. The subsequent changes in A were identical to those observed using starch as a substrate. The rate of the reaction was proportional to the number of axes/homogenate, indicating that this is a satisfactory method for measuring the amount of a-amylase in these homogenates. Comparable results were obtained with sections of axes obtained from germinated seedlings.
Experiments were performed in which the /8-amylase was destroyed by heating after the /3-limit dextrin had been formed. The loss of iodine binding was identical to samples in which the added /-amylase was still active. Although this indicated that the /8-amylase in the homogenates was already in excess, instances might occur where this was not true. The added /-amylase was not inactivated before the homogenate was assayed. This had the added advantage of "amplification": the loss of iodine binding was more rapid for samples of a-amylase when assayed in the presence of excess /8-amylase.
The occurrence of a-amylase was confirmed by monitoring the absorption spectra for the reaction products (19) . The spectra for the iodine complex gave the characteristic shift, the loss in the red region exceeding that in the blue. After several hr the iodine-substrate solution had the typical reddish violet color. These results were observed for all samples assayed. The shift in absorption was less pronounced than observed for pure salivary amylase, suggesting that as the a-amylase hydrolyzed the /-limit dextrin, the excess /-amylase continued to digest the newly released nonreducing end until it reached another branch point. Since these results were the same whether the homogenate was reacted with starch or with /8-limit dextrin, this confirms the existence of excess /8-amylase in the homogenates.
A second means of confirming the presence of a-amylase in crude homogenates was by comparing the loss of iodine binding to the increase in reducing materials (28) . Theoretically the change should be stoichiometric for /8-amylase. c-Amylase produces very few reducing ends relative to the change in iodine binding. The latter case was quite evident when starch was reacted with either salivary amylase or with homogenates of ungerminated cotyledons (Fig. 2) . In contrast, the changes produced by homogenates of stems from 4-day etiolated seedlings gave a slope of approximately 1 (b + Sb = -1.165 + 0.069; the slope for pure /8-amylase was -0.93). The loss of iodine binding beyond the /8-limit dextrin level demonstrated the existence of a-amylase in these samples; the stoichiometric change confirmed the predominance of /-amylase. Homogenates of ungerminated embryo axes gave intermediate results, as did homogenates from leaves ( Fig. 2) and hypocotyls (data not given).
a-Amylase is usually characterized by the requirement for Ca2+ (26) . Although no additional activity was observed using crude homogenates plus 0.5 or 5 mm CaCI2, the activity against mogenates with 10 mm EDTA for 15 min at 25 C. When starch was used for a substrate for homogenates plus EDTA, the absorption spectra for the starch-iodine complex showed a uniform loss at all wavelengths, a characteristic of /8-amylase activity. When homogenates of older axes were assayed for production of reducing materials (2) from starch, over 90% of the activity was resistant to EDTA.
Changes during Germination. Seeds were imbibed for 12 hr in a minimum amount of water (100 seeds in a 500-ml Erlenmeyer flask with 50 ml water) before they were sown in vermiculite. In these instances the radicle penetrated through the seed coat by 24 hr; the epicotyl first emerged from the ruptured seed coat after 50 hr. The fresh wt of the axes increased exponentially from the time they were planted in vermiculite until they reached approximately 100 mg (Fig. 3A) . Subsequent growth was more linear. The fresh wt were highly correlated with the total lengths (r = 0.98 for mean values). (Fig. 3A) . Therefore the dry wt did not increase until one-half day after the initiation of growth. The total protein content did not increase in the axes until 40 hr after the time in which the seeds were placed in water (Fig. 3A) . The amount of total amylase activity increased exponentially between 12 and 65 hr (Fig. 3B) . In contrast the amount of aamylase activity did not change statistically for the first 38 hr. The subsequent increase was also exponential until the entire growth rate became more linear. All of the parameters in these experiments appeared to increase at an exponential rate during initial germination. Although this is difficult to distinguish from linear, the apparent exponential changes can be used to advantage. Since the relative rate, 1/X (AX/At) can be calculated as the slope of a semilog plot, the relative rates of increase of the various components are now comparable (Table I ). There were three distinct "lag" phases: fresh wt and total amylase activity increased as soon as the seeds were fully imbibed; dry wt started to increase approximately 12 hr later; and total protein and a-amylase activity, after an additional 12 hr. Once the parameter began to increase, the axis was in "balanced growth" with a relative rate of accumulation of 2 to 3%/hr. (The change in total protein is most difficult to interpret. Ungerminated axes contain protein bodies that are utilized during germination; the net change is the result of degradation of storage protein plus increase in "functional" proteins. Therefore, calculations of "specific activity" are rather meaningless as indicators of relative protein accumulation.) Although the lag periods are quite distinct for total amylase and a-amylase activities, their subsequent rates of accumulation were identical.
Distribution. The timing of the initial increase in a-amylase activity was most closely associated with the emergence of the epicotyl. Possibly the changes in activity could be ascribed to a higher enzyme level in the epicotyl than in the root.
In one set of experiments, 5-mm sections were removed from the hypocotyl (cotyledon attached at the upper end), root (taken 5 mm below the hypocotyl section), and epicotyl (taken at two different levels). The sections were assayed for both aand total amylase activities (Fig. 4) . The results indicated quite different distributions for the two activities. The majority of the a-amylase activity was located in the hypocotyl. On a per section basis, little activity was observed in either roots or stems. The amount of reducing materials formed was high for the hypocotyl sections, but in this case it was also high for both epicotyl and root sections. On a per section basis, the total activity was highest in the hypocotyl, lower in the stem, and lowest in the root.
The total amount of a-amylase activity was determined by sectioning etiolated seedlings into epicotyl, hypocotyl, and root, and then assaying each part independently. Although the lengths of the primary root and the epicotyl were comparable, the epicotyl contained twice the fresh wt of the root system (Fig.  5A) . The mass of the hypocotyl remained the same since it was defined as the 5-mm section just below the point of attachment of the cotyledons. In contrast, the a-amylase activity remained practically unchanged in both the hypocotyl and the roots; the entire increase in a-amylase activity was due to its increase in the growing epicotyl (Fig. SB) . (In these and the following experiments, growth was reduced by culturing the seedlings at 20 C rather than 25 C. This modification was more convenient in assaying changes that extended over several days.)
Once the epicotyl had emerged from the seed coat it was difficult to ignore the further differentiation into stem and leaves. When the stem was separated from all leaves (including the shoot apex) and the two assayed independently, it became evident that although the leaves accounted for only a small 
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The pea seedling is a convenient, useful system for studying 
